One of the challenges in the field of structural proteomics is to predict residue-residue contacts in a protein. It is an integral part of CASP competitions due to its importance in the field of structural biology. This manuscript describes RRCPred 2.0 a method participated in CASP12 and predicted residue-residue contact in targets with high precision. In this approach, firstly 150 predicted protein structures were obtained from CASP12 Stage 2 tarball and ranked using clustering-based quality assessment software. Secondly, residue-residue contacts were assigned in top 10 protein structures based on distance between residues. Finally, residue-residue contacts were predicted in target TBM/FM domain on Top 10. These observations indicate that predicted tertiary structure of a protein can be used for predicting residue-residue contacts in protein with high accuracy.
Introduction
Numbers of methods have been developed in the past for predicting three-dimension (3D) structure of a protein from its primary structure or amino acid sequence. Broadly, these approaches can be classified in three classes; i) template or homology based approach, ii) threading based approach and iii) ab initio method 1 . In recent years, ab initio method is gaining importance in the field of structure prediction since traditional method of template based structure prediction is limited by the number of structural templates in the Protein Data Bank (RCSB-PDB) 2 . However, recent studies showed residue-residue contact map guided structure prediction, as an important intermediate step in ab initio structure prediction of a protein 3,4 . Apart from structure prediction, residue-residue contact predictions has also shown promising application in the field of drug designing 5 , model ranking, selection and its evaluation 6, 7 . Although the importance of residue-residue contact prediction in modeling tertiary structure of a protein was introduced decades ago 8,9 , the thorough implementation of the idea came into practice when several groups across the world have shown how residues in contact can be predicted with improved and reasonable accuracy 10, 11 . One of the main reasons of development in this field is introduction of a separate section of residue-residue contact prediction in CASP (Critical Assessment of Techniques for Protein Structure Prediction).
This section was introduced in the CASP2 12 but it was fully standardized during CASP6-CASP9 [13] [14] [15] [16] . Definition of residue-residue contact has not been changed since previous CASP rounds. Two residues are said to be in contact when distance between their Cβ atoms (Cα in case of glycine) is shorter than 8.0 Å. These contacts are also classified in three different categories: short, medium and long range contacts based on separation along the sequence. Short range contacts are those contacts where residues are separated by 6-11 residues, Medium range contacts are those where residues are separated by 12-23 residues whereas Long range contacts are those where residues are separated by minimum 24 residues or more than that 17 . Among all the contacts, 'long range contact' prediction is of much interest and more valuable for structure prediction 18 . These contacts are evaluated using precision i.e. number of contacts correctly predicted out of all the predicted contacts 19 Current existing methods on residue-residue contact prediction can be classified into two categories.
First is sequence based method, where no information other than sequence of a protein is present.
Contacts in the protein are predicted utilizing information which can be derived directly from its sequence. Number of methods have been developed utilizing various machine-learning techniques such as support vector machines 20, 21 , hidden markov models 22 , neural networks 23, 24 , deep network and boosting techniques 25 , evolutionary information 26, 27 , covariation signal information 28 , etc.
Second class is template/structure-based methods where structure is used for extracting contact information. In this method, firstly structure of protein is modeled using best available template and then contacts are predicted from the modeled structure
21
.
As reported in literature, prediction of contacts depends very much on the quality of the template structure 21 . Therefore, keeping this in mind, in the present study, we have developed a simple approach to predict residue-residue contact from high quality tertiary structure predicted by various methods participated in structure prediction category of CASP12. We ranked all predicted structure and used top 10 structures for predicting residue-residue contact using consensus or average based approach.
Results and Discussion
A large number of groups participated in CASP12 residue-residue contact prediction category, where they submitted their predicted models to CASP12 site (http://predictioncenter.org/casp12/doc/CASP12_Abstracts.pdf). In this paper, we analyzed and discussed performance of models manually submitted by our group "raghavagps". Our prediction models were derived from Stage 2 tarballs released by CASP12 sites. 
Prediction of 'long' range Contacts
Firstly, we analyzed the prediction performance of all groups in predicting 'long' range contacts on targets of TBM domain category (Table 1 ). The performance of models were extracted from CASP12 sites using probability >0 on list size L/5 ( Supplementary Fig. S1 ). As shown in Table 1 , method RRCPred 2.0 (raghavagps) got average precision value of 85.028%, which is better than other methods in TBM category. This method RRCPred 2.0 (raghavagps) was followed by "naive"
and "FLOUDAS_SERVER", with 2 nd and 3 rd position respectively. Similarly, performance was extracted from CASP site for Top10 contacts for all groups on targets of TBM category. On Top 10 contacts method "naive" got average precision value of 86.486%, which is better than other methods (Table 1) . As shown in Table 1 , method "naïve" was followed by "RaptorX-Contact" and RRCPred 2.0 (raghavagps) with 2 nd and 3 rd rank respectively ( Supplementary Fig. S2 ). better than other methods. This method is followed by "iFold_1" and "MetaPSICOV" with precision 58.117% and 53.755% respectively ( Supplementary Fig. S3 ). Similar trend was observed for Top10 contacts where method RRCPred 2.0 (raghavagps) achieved precision 73.125%, followed by "iFold_1" and "PconsC31" which got precision 62.353% and 61.579% respectively ( Supplementary Fig. S4 ). It is important to note that performance of all methods/groups decreased substantially for TBM/FM targets in comparison to TBM targets.
Most challenging targets in CASP competition are targets of FM category. We extracted the performance of all methods from CASP site for FM targets. As shown in Table 3 , method "RaptorX-Contact" with average precision of 47.095% in L/5 list size outperformed other methods.
The performance of all methods was very poor for FM category targets. The method "RaptorXContact" was followed by "iFold_1" and "MetaPSICOV" who scored 2 nd and 3 rd rank respectively.
Unfortunately, our method RRCPred 2.0 (raghavagps) performed very poor on FM targets and achieved precision value of 32.883% and ranked 17 th ( Supplementary Fig. S5 ). We also analysed the performance of different methods for Top10 contacts on FM targets and observed similar trends (Supplementary Fig. S6 ). This means method RRCPred 2.0 (raghavagps) is not suitable for FM category targets. 
Prediction of 'long+medium' range contacts
We extracted the performance of methods on 'long+medium' range contacts from CASP12 site for TBM targets using probability >0 on list size L/5. As shown in Table 4 S15 ), it was followed by "naive" and "RaptorX-Contact" at 2 nd and 3 rd rank respectively. In case of Top10 list size "naive" got 1 st rank with average precision 91.892% and was followed by RRCPred 2.0 (raghavagps) and "RaptorX-Contact" with average precision of 89.167% and 88.378% at 2 nd and 3 rd rank respectively ( Supplementary Fig. S16 ). In addition to TBM targets, we also analyzed the performance of different methods on TBM/FM targets for list size L/5 and Top10 and probability >0 (Table 5 ). In this category (TBM/FM), In case of FM domain targets as shown in Table 6 , our method didn't performed well in both list In case of TBM and TBM/FM domain selection, our method showed highest average precision of 82.974% when list size L/5 was selected ( Supplementary Fig. S21 ), followed by method "naive"
and "RaptorX-Contact" at 2 nd and 3 rd ppsition respectively. In list size Top10, method "naive" Fig. S28 ).
Target wise analysis
In addition to average performance of methods, we analyzed the performance of our method target wise. The performance for each target using different options were extracted from CASP12 site using probability >0. As shown in Table 7 , for a large number of targets our method got 100%
precision. In case of 'long' range contacts for L/5, "raghavagps" achieved more than 70% precision for 28 targets that includes 4 targets with 100% precision (Supplementary Table S1 ). This performance improved for Top10 contacts, where our method predicts 10 targets with 100% precision (Supplementary Table S2 ). This shows utility of our method in real life. As expected, performance on 'long+medium' range was better than 'long' range contacts. In case of 'long+medium' range contacts for L/5 our method achieved more than 70% for 31 targets with 5
targets showing precision of 100% (Supplementary Table S3 ). In case of Top10 for 'long+medium' range contacts, our method predicts 38 targets with more than 70% precision (Supplementary Table   S4 ). For more detailed information, see (Supplementary Table S5 
Evaluation and ranking by CASP12 organizers
Once competition is over, CASP organizers evaluate the performance of methods participated in competition and provides the results in the form of presentation; CASP12 results, analyzed by the organizers is also available from its website (http://predictioncenter.org/casp12/doc/presentations/CASP12_RR-Gaeta.pdf). We found that the organizers have analyzed the results on FM category targets where the common parameters were contacts which was of 'medium' and 'long' range combined and SumZ (>-2) whereas varying parameters were list size (L/2, L/5 and Full list), probability (>0 and >0.5). Weights taken into consideration were Precision, F1, F1prob., and AUC1. Method "RaptorX-Contact" was found to be present at top position in most of the evaluations and hence becoming one of the promising methods for FM targets contact prediction. We found that our method RRCPred 2.0 (raghavagps) also performed well and was present among the top 10 methods in most of the evaluations. The result suggests that our method performed comparably on FM targets when compared to other top methods and can be improved further. Unfortunately, the performance of TBM and TBM/FM targets were not evaluated and provided by the organizers in the presentation. This is the reason our method was not considered in successful predictors.
Conclusion
In last two decades, number of methods has been developed for predicting residue-residue contact.
Despite tremendous efforts made by scientific community, the performance of these methods is far from satisfactory 29 . In particular, prediction of 'long' range contact is a tedious job. Due to its importance, it is highly desirable to develop highly accurate methods for predicting residue-residue contacts in a protein from amino acids sequence. This is the reason that residue-residue contact prediction is part of CASP competition. One of the major goals of CASP is to assess the quality of tertiary structure predicted by different methods and groups. Overall aim is to improve the performance of tertiary structure prediction methods. This raises a question whether one can use the predicted tertiary structures for predicting residue-residue contact in a protein. In order to address this question, our group 'raghavagps' used 150 predicted tertiary structures released by CASP12 for each target from Stage 2 tarballs. We ranked these structures using quality assessment software QASproCL then top 10 structures were used to assign/predict residue-residue contact in a target (see Materials & Methods). These predicted residue-residue contacts were submitted to CASP12 in manual submission category. In order to avoid any biasness, we extracted performance of models for all groups from CASP12 web site. This paper presents performance of method RRCPred 2.0 (raghavagps) and its comparison with performance of other methods. As shown in Results section in comparison to other models, this method performs better than other methods or in top 3 methods for both categories TBM and TBM/FM. This means predicted tertiary structure can be used to predict residue-residue contacts with high precision, particularly for easy targets (TBM or TBM/FM). The performance of RRCPred 2.0 (raghavagps) was poor for FM targets; still it is in list of top methods. We used QASproCL for ranking predicted structures, which was not the best method for ranking predicted structure as evaluated by CASP12. Thus it is possible to improve the performance of this method if we used best quality assessment method for ranking predicted structure.
Methodology

Dataset and Algorithm
We extracted Stage 2 tarball for each target from CASP12 web site, where each tarball consists of best 150 server models (predicted structures). These models/structures were predicted by servers which participated in TS category in CASP12. These tarballs were given as input in the quality assessment (QA) category in CASP12 competitions and were open to everyone for downloading from their web site. QASproCL, an in-house developed clustering based quality assessment software, was used for computing quality of each model for a given CASP12 target [http://predictioncenter.org/casp12/doc/CASP12_Abstracts.pdf]. These models were ranked based on their QASproCL model quality score (MQ) where the model getting the highest quality score was ranked first.. In order to compute residue-residue contact in a protein target, we used top/best 10 models. Following equation 1 was used for computing residue-residue contact score between two residues in a protein.
Where m is the mth model, i and j are two residues forming a pair.
where RRC i,j is residue-residue contact score, MQ m is model quality of m th model as predicted by
QASproCL and D i is distance between two residues in Angstrom (Å).
Schematic representation of complete algorithm applied in method "raghavagps" is presented in the form of flowchart (Figure 1 ).
Insert Figure 1 here
Parameters for Evaluation
The performance of prediction models was measured using different parameters (e.g. F1 score, precision, recall), which has been used in earlier CASP competition's for evaluating group performance 17 . These parameters can be computed using following equation 2-4.
Where TP is true positives or correctly predicted contacts, FP is false positive or non-contacts being predicted as contacts, TN is true negative or correctly predicted non-contacts and FN is false negative or contacts being predicted as non-contacts.
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